Circular RNA (circRNA) is a regulatory class of long, noncoding RNA found in both plant and animal kingdoms. The profile and characterization of circRNA in cotton species remains to be explored. Here, using 24 rRNAdepleted RNA-seq libraries of putative diploid progenitors of Gossypium spp., Gossypium arboreum and Gossypium raimondii, their interspecies hybrid (F 1 ) and allotetraploid Gossypium hirsutum, 1041, 1478, 1311, and 499 circRNAs were identified in each cotton species, respectively. A prevalence of 23 exoncircRNAs contain noncanonical GT/AG signals, and only~10% of exon-circRNA is associated with reverse complementary intronic sequences. This result implies that plants employ a method of circRNA splicing distinct from that of animals. In addition, 432 circRNAs are stably expressed in multiple cotton species.
Circular RNAs (circRNAs) are a class of noncoding RNA whose structure constitutes a covalently closed loop formed by 3'-5' ligation during splicing. CircRNAs have no polyadenylated tail, arise from alternative circulation and are highly expressed in both animal and plant genomes [1] [2] [3] . Based on location, circRNAs can be divided into exonic circRNA, intronic circRNA, and intergenic circRNA [2] . Some circRNAs can be directly translated into proteins [4, 5] . CircRNAs have long half-lives, resistance to exonucleases like RNase R and are more stable in vivo than linear mRNA [6] . Large numbers of circRNAs have been discovered in the genomes of various animals and plants [1, [7] [8] [9] [10] [11] . A selection of experiments has increasingly suggested that circRNA is an important regulatory element of essential biological functions [2, 6, 11] . Functional study has revealed that circRNAs such as human CDR1as (CDR1 antisense) [6] and circHIPK3 [7] , as well as mouse Sry [12] , can act as miRNA sponges, sequestering miRNAs as a way of inhibiting miRNA [6, 12] . Another function of circRNA is to balance the mRNA of its parent gene through competition between back-splicing and linear-splicing [13] [14] [15] .
CircRNA biosynthesis has been described briefly in two proposed models: lariat-driven circularization model and intron-pairing-driven circularization model [1, 16] . RNA-binding protein, like Quaking (QKI) can regulate circularization of circRNAs [17] . Exon circularization is dependent on the flanking complementary intronic sequences and recognized by a specific protein [18] . Consequently, the circularized exons are typically Abbreviations CDR1as, CDR1 antisense; circRNAs, circular RNAs; CTAB, cetyltrimethylammonium bromide; DPA, days post anthesis; PCRs, polymerase chain reactions; QKI, quaking.
bracketed by unusually long introns that are highly enriched with ALU repeats [16] . For example, 96.33% of Caenorhabditis elegans circRNA flanking sequences are comprised of reverse complementary sequences [19] , and 40% of human circRNA flanking sequences are comprised of ALU repeats [16] . In addition, a typical human circRNA is flanked by canonical splice sites, known as GT/AG splice sites, are required for both circularization models [20] .
The circRNA investigation in plant genome has been very limited, but plant circRNAs show characteristics distinct from those of animals. Recent studies of Arabidopsis thaliana and Oryza sativa revealed far fewer repetitive elements and complementary sequences in the circRNA flanking introns [9, 21, 22] . The latest research in O. sativa showed that rice circRNAs are flanked by diverse non-GT/AG splicing signals [23] . This suggests that the biogenesis mechanisms of circRNAs in plants are different from those of animals [23] .
Only a few circRNAs in plants have been functionally interpreted [15] . The biogenesis and function of plant circRNA remain largely unknown. In addition, during evolution plant genomes have undergone hybridizations and whole genome duplications to form polyploids. We know this genome size extension is beneficial for plant adaptation to the environment, but the role of circRNA in hybrid and polyploid evolution is also a blank waiting to be filled. Cotton is ideal for investigation into the evolution of circRNA.
Cotton (Gossypium spp.) is a natural source of textile fiber and a significant oilseed crop worldwide (Chen et al., 2007) . Cotton is also a useful model for studying polyploid evolution because of its well-documented evolutionary lineage and finely sequenced genome [24] [25] [26] . The cotton genetic standard line, Texas Marker-1 (TM-1), is an allotetraploid species of upland cotton (Gossypium hirsutum, AADD). About 6 million years ago (MYA), two diploid ancestors, Gossypium arboreum (AA) and Gossypium raimondii (DD), underwent hybridization and polyploidization to form the ancestor of the modern allotetraploid cotton [25] . In this study, we employed the strand-specific, paired-end and rRNAdepleted data of the diploid progenitor Gossypium spp., an interspecies hybrid (F 1 ), and allotetraploid genomes in order to characterize circRNA in cotton.
Materials and methods

Plant material
Zero DPA (Days Post Anthesis) ovule and young leaf of G. arboreum (A 2 ) acc Shixiya; G. raimondii (D 5 ), G. arboreum (A 2 ) acc Shixiya x G. raimondii (D 5 ) F 1 , and TM-1 (G. hirsutum, (AD) 1 ) were collected in a Nanjing green house with three biological replicates for RNA isolation.
RNA library construction and sequencing
Total RNA was isolated from these samples using the Spectrum Plant Total RNA Kit (Sigma-Aldrich). After RNA isolation, ribosomal RNA was removed using Epicentre Ribo-zero TM rRNA Removal Kit (Epicentre, USA). Sequencing libraries were then generated using the rRNA-depleted RNA with NEBNextÒ Ultra TM Directional RNA Library Prep Kit for IlluminaÒ (NEB, USA). Strand-specific sequencing was performed on the Illumina HiSeq 2000 system.
Identification of circRNA
The genome sequences of G. arboreum (V2.0), G. raimondii and G. hirsutum were downloaded from the Cotton genome project (CGP: http://cgp.genomics.org.cn/page/species/inde x.jsp), Phytozome V9.0 (http://www.phytozome.net) and the website (http://mascotton.njau.edu.cn/info/1054/1118.htm), respectively. For each sample, the clean reads were mapped to the correspond genome using BWA [27] with parameter -t 16, -T 19, -v 2. The genome of F 1 was the combined genome sequences of G. raimondii and G. arboreum. CircRNAs were then predicted using CIRI [28] with parameter -low.
Sequences analysis
Sequences of circRNA flanking introns were extracted from in house perl script based on the known gene annotation. Repetitive sequences were annotated with RepeatModer and RepeatMasker using the default parameters (www.repeatma sker.org). The up-stream flanking intronic sequences were used to blast down-stream flanking intronic sequences to detect reverse complementary sequence via BLAST [29] with parameter -word_size 5 -evalue < 0.00001, matched length > 12 bp. For expression analysis, circRNAs were calculated based on the count of back-splice reads normalized by the total number of sequence reads in each data set.
Conservation of circRNAs
A total of 21 618 orthologous genes from Ga, Gr, and Gh were retained from genome sequencing of G. hirsutum [25] . Reciprocal Blast [29] search was employed to identify orthologous genes with parameter -word_size 5 -evalue < 0.00001 between cotton and O. sativa as well as cotton and A. thaliana. Protein sequences of O. sativa and A. thaliana were downloaded from RGAP (http://rice.plantbiology.msu. edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/) and TAIR (ftp://ftp.arabidopsis.org/home/tair/Genes/), respectively. The parent genes of exonic circRNA were used to conduct gene ontology analysis using the R package of GOStats [30] .
Validation of circular RNAs
To validate the circRNA that were identified in cotton, genomic DNA of G. hirsutum and G. raimondii was extracted using the conventional cetyltrimethylammonium bromide (CTAB) method [31] . Leaf and ovule tissues were collected for RNA isolation. Polymerase chain reactions (PCRs) were performed using 20 pairs of divergent primers (Data S2). PCR conditions were as follows: an initial 3 min step at 94°C followed by 35 cycles of 45 s denaturing at 94°C, 35 s annealing at the appropriate annealing temperature (depending on the primer set used), and 30 s extension at 72°C. The final step was conducted at 72°C for 10 min.
Result
Circular RNA profiles of Gossypium species
We constructed rRNA-depleted, strand-specific RNA libraries of G. arboreum (A genome, Ga), G. raimondii (D genome, Gr), G. arboreum (A) x G. raimondii (D) (F 1 ) , and G. hirsutum (AD genome, Gh). For convenience, we hereafter use the species names and their genome representations interchangeably, as shown in Fig. 1A . Leaf and ovule tissue of 0-day postanthesis (0 DPA) from each species was collected for the sequencing library sampling. Each tissue included three biological replicates. We generated 2.3 billion paired-end reads at a length of 125 bp (Data S1). Reads were mapped to the corresponding reference genome using BWA software [27] . Circular RNAs were detected using CIRI [28] . We identified a total of 49 724 backsplice reads. These reads represent 4326 circular RNAs (Ga 1041, Gr 1478, F 1 1311, and Gh 499) with a minimum of two back-splice reads ( Fig. S1 ; Data S1). The findings indicate that cotton genomes transcribe abundant circRNAs, both in leaf and ovule tissues.
CircRNAs are transcribed mostly from exon regions. Approximately 59.36% (n = 618) of circRNAs in Ga, 84.24% (n = 1245) in Gr, 60.60% (n = 795) in F 1, and 45.89% (n = 229) in Gh are transcribed from the exon regions of protein coding genes. The remainders of circRNAs are transcribed mostly from intergenic regions (Fig. 1B) .
Previous reports have revealed that circRNAs exhibit tissue-specific expression patterns [10] . Similarly, we observed that only 18.44-22.22% (n from 91 to 300) of circRNAs were expressed in both leaf and ovule tissue. Most circRNAs (72.60-81.96%) (n from 318 to 893) were expressed exclusively in ovule tissue in all cotton species (Fig. 1C) . The expression levels of circRNAs were further calculated based on the count of back-splice reads normalized by the total number of sequence reads in each data set. Overall, circRNA expression level was found to be greater in ovule tissue than in leaf tissue samples (Fig. 1D , Wilcoxon test P value < 1.6 9 10 À5 in all comparisons).
In order to validate our prediction regarding circRNA, 20 circRNA transcripts were selected as candidates to perform confirmation tests. We designed a set of divergent primers to amplify the corresponding transcripts from the templates of cDNA and genomic DNA in Gh. Out of 20 candidates, 17 circRNA cDNAs were amplified as predicted (Data S2). A single, distinct PCR product arising from the cDNA but not from gDNA template was selected for sequencing using divergent primers (Fig. 1E) . A selection of validated circRNA transcripts were shown in Fig. 1E . Therefore, we confirmed the circRNA expression in cotton transcriptome.
Structural features of cotton circRNA parent gene
To understand the origin of circRNA, it is critical to study the differences between circRNA parent genes and genes that do not lead to the formation of circRNA. Therefore, we have investigated the gene structure of circRNA parent genes, all linear genes were selected as control.
We observed that cotton circRNA commonly covers 3-4 exons. Additionally, the average number of exons in a coding gene is 4-6 in each cotton species. In contrast, the parent genes of circRNA usually have more than 6 exons ( Fig. 2A) . Only 1.67-2.34% of parent genes (about 5 to 21 genes) are comprised of one exon. The circularized exons are normally located in the middle of genes; this is the case for 88.30-94.30% of all exonic circRNA (Fig. 2B) . Together, these results indicate that genes with multiple exons are of high propensity to form circRNAs, which is consistent with findings in animal genomes [18] .
Next, we performed a comparison assay of exon length. We found that although less than 19.00% of circRNA among cotton species comprises only one exon, the length of these single-exon circRNAs is longer than circRNA comprised of multiple exons by about 3-fold (Wilcox test P value < 2.375 9 10 À14 in all comparisons) (Fig. 2C) .
Comparison of the length of flanking introns of circRNA genes and of coding genes revealed that flanking introns of circRNA are 2-fold longer than those of linear genes (Wilcox test P value < 2.375 9 10 À14 in all comparisons) (Fig. 2D ). There was no significant difference in length of up-stream and down-stream flanking introns of circRNA (Wilcox test P value 0.25-0.94).
In order to determine the relationship between circRNA and repeat sequences in the cotton genome, we examined repeat sequence density within the up-and down-stream intron sequences of circRNA. We found approximately 23.60-42.64% of circRNA whose upand down-stream intron sequences overlapped with repeat sequences. This is a much higher portion than with linear genes (11.20-11.80%) (Fig. 2E) . We speculated that this trend could merely reflect a long length in the flanking intron sequences of circRNA (Fig. 2D) . Therefore, we proceeded to calculate the percentage of repeat sequences in introns, revealing that repeats comprised 9.00-11.67% of flanking sequences, while the repeats comprised 2.55-7.90% in linear genes (Fig. S2) , indicating that circRNA has more repeats in its flanking sequences than does mRNA in cotton.
Although most parent genes generate one circRNA with one isoform, we found that more than two circRNA isoforms were generated by approximately 10.30% of parent genes in Ga (n = 59), 13.74% in Gr (n = 135), 8.32% in F 1 (n = 60), and 5.04% in Gh (n = 11). We also provided experimental validations on two loci. An intergenic circRNA S07 in Gh (ID: A01:6467364|6468291) generated two isoforms employed the same junction (Figs. 3A and 3B) . A coding gene S08 in Gh (Gh_A10G1864) which encodes a phosphate 2C protein that generated three distinct circRNAs and were experimentally validated (Figs. 3C and 3E). We asked whether genes with more complex alternative splicing events were more likely to form circRNA. In Gr, 40.27% of linear genes have more than two alternative isoforms [24] . But in the parent genes of circRNA, this portion increases to 77.75%, with an average of 2.00 isoforms per linear gene versus 3.58 isoforms per parent gene (Wilcox test P < 2.2 9 10 À16 ) (Fig. 2F) . These data indicate that the formation of circRNA is correlated with number of complex alternative splicing events.
Cotton circRNAs are independent of GT/AG signals and flanking intronic complementary sequences
Exon-skipping and intron-pairing are the two major models of circRNA generation [1, 16] . Previous reports showed that circRNA structure in O. sativa is lower in canonical GT/AG splicing signals than mammalian circRNA [21] . We found non-GT/AG splicing signals were also true for cotton. A small portion (0.9-1.3%, n from 2 to 11) of circRNAs contained noncanonical GT/AG splicing signals (Fig. 4A) . Of the 11 validated circRNAs, there was one noncanonical GT/AG splicing signal with CT/GC (Fig. 4A) .
A large portion of human circRNAs follow the intron-pairing-driven circularization model. This model is supported by the observation of circRNAs flanked by intronic complementary sequences (Fig. 4B) . According to this model, exon circularization is dependent on the flanking intronic complementary sequences [18] . We found that a proportion of the flanking intronic sequences that bracket circRNAs overlap with repetitive sequences in the four cotton species in question (Fig. 2C) . Alignment performed between the upstream and the down-stream of flanking sequences identified a total of 10.35% of circRNAs in Ga (n = 50), 9.24% in Gr (n = 85), 10.37% in F 1 (n = 63), and 16.58% in Gh (n = 32) with reverse complementary sequences of more than 12 nucleotides (Fig. 4C) , indicates the generation of circRNA in cotton follows a different model from animals.
Conservation of circRNAs in cotton
To elucidate the impact of cotton ploidy level change on circRNA, we identified conserved circRNA with transcribing activity in our cotton species. We looked more closely at the 21 618 clusters of one-to-one ortholog genes in Ga, Gr, and Gh (GhA T and GhD T , subscript T represents the subgenome in tetraploid genome) [25] , to find exon circRNAs that were orthologous. A total of 2161 circRNA from the one-to-one ortholog genes were selected for further analysis.
According to their expression activity in different genomes, we classified these circRNAs into three groups, conserved circRNA, median circRNA, and specific circRNA. Conserved circRNA are circRNAs transcribed in more than three cotton species; median circRNAs are circRNAs transcribed in two cotton species; and specific circRNAs are circRNAs transcribed only in specific cotton species. We identified a total of 432 (19.99%) conserved circRNAs, 770 (35.63%) median circRNAs, and 959 (44.37%) specific circRNAs (Fig. 5A, Data S3) . A large portion of specific circRNAs were not detected in parallel samples of closely related cotton species, indicating species-specific expression patterns of circRNA.s (Fig. 5A) . Hybridization induced 314 new circRNAs to be expressed in F 1 . Among these, 108 circRNAs were consistently detected in the allotetraploid Gh genome.
To examine circRNA homology to other plants over longer evolutionary time, we downloaded circRNA data of A. thaliana and O. sativa published in a previous report [21] . Through reciprocal BLAST, we found that circRNA of Gr is 18.32% homologous to A. thaliana and 15.60% homologous to O. sativa. About 6.56% (n = 82) of Gr circRNAs are homologous both to A. thaliana and O. sativa, these representing 4.44% and 3.21% of circRNAs in A. thaliana and O. sativa, respectively (Fig. 5B) . Similar results were obtained for Ga, Gh, and F 1 (Fig. S3, Data S4) . 
Conserved circRNAs are associated with long flanking introns
The difference in gene structure between conserved and species-specific circRNA might reveal the difference between these two types of circRNA. We therefore compared them in great detail. The expression level of conserved circRNA is significantly higher than that of median and specific circRNA (Wilcoxon test P value < 2.2 9 10 À16 in all comparisons) (Fig. 5C ), indicating that conserved circRNAs are likely to be functionally important. We also noted that circRNA with complementary sequences are enriched in the conserved circRNA group (Fisher exact test P value < 2.2 9 10 À16 ) (Fig. 5D ). These conserved circRNAs are often flanked by larger introns than specific circRNAs (Fig. 5E) . Their repetitive sequence density is greater than species-specific groups across flanking introns (Fig. 5F ). To discover the functional importance of circRNA, we performed Gene Ontology analysis of the parent genes of the three catalogs of circRNA. We determined that the parent genes of circRNAs are involved in diverse biological processes, but found no difference between conserved and specific circRNA in this respect (Fig. S4) .
Discussion
Genome-wide identification of cotton circRNA
Identification of circRNA has traditionally focused mainly on mammalian genomes [7] . Recently, several studies have been performed in model plants, such as Arabidopsis and O. sativa [9, 23, 32] . In this study, we performed deep sequencing using total RNA-seq data to identify a large number of circRNAs in four cotton species. To our knowledge, this is the first report of circRNA in cotton, a complex polyploid, and provides novel analysis across different cotton species. Identification of circRNA in complex polyploids, especially in our simulated evolution model of cotton, could go a long way in our efforts to understand the function of circRNA in plants. The Gh genome yielded fewer circRNAs than the diploid genome in our data set, which is likely due to limited sequencing depth relative to the large size of the allotetraploid genome. We found that circRNAs detected in ovules were more than that in leaves, which mirrored the phenomenon of other noncoding RNAs in plants [33, 34] . Most of the basic features of circRNA in cotton that we observed are similar to those in Arabidopsis and O. sativa [21] .
Biogenesis mechanism of plant circRNA
There are two types of spliceosomes in plants and animals: U2-dependent and U12-dependent [35] . The U2-dependent spliceosome is responsible for most splicing in both plant and animal genomes, occurring GT and AG terminal dinucleotides at their 5' and 3' termini. Most human circRNAs exhibit GT/AG splicing signals [36, 37] . This pattern is different in plant genomes. Ye et al. [23] found that a large number (92.7%) of circRNAs in Oryza sativa are flanked by diverse non-GT/AG splicing signals. We found noncanonical GT/ AG splicing signals exists in cotton circRNA. The ratio was lower than in O. sativa, likely due to the different circRNA prediction method used.
Repetitive sequences within flanked introns of circRNAs can form reverse complement sequences, which can promote the circulation of circRNAs in mammals [18] . In our study, we found approximately 9.24-16.58% contained reverse complement sequences. Rate of utilization of the intron-pairing-driven model in cotton is greater than in zebrafish (2.64%) [8] , O. sativa (6.2%) and A. thaliana (0.3%) [21] , but is lesser than in humans, which 40% of human circRNAs which have ALU in flanking sequences [16] , indicating complementarity of sequences is clearly not the critical feature of plant circRNA circularization; the biogenesis of circRNA may be different in human and plants.
Features of conserved circRNA in cotton
In a previous study, it was found that 15% of circRNAs in humans and 40% in mouse are conserved [38] . Another study found that~30% of circRNA is conserved in the mouse and rat genomes, and~10% is conserved across human, mouse and rat genomes [22] . In our study, we found that 55.57% of circRNAs maintain transcription activity in more than two cotton species. We speculate that the conserved circRNA appearing in all our examined cotton species have indispensable roles in biological processes. What factors contribute to the survival of circRNA during hybridization and polyploidization? Recent research in the comparison of human and mouse circRNA found that circRNAs across species usually exhibit higher conservation in primary sequences and longer length of flanked introns [38] . In our study, we also observed this phenomenon. Long introns appear to be a key contributor to the stability of circRNAs during evolution. Longer introns may induce larger secondary structures that promote circularization. We have found that the length of flanking introns, rather than the presence of complementary sequences, affects the 
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